Abstract. SiC added MgB 2 polycrystalline samples were synthesized at low (650°C) and high (850°C) temperatures in order to study the sintering effect on the phase formation and superconducting properties. The MgB 2 bulks with additions of 0wt%, 1wt%, 3wt% and 5wt% SiC were studied with powder X-ray diffraction technique. We observed that MgB 2 remained as the primary phase for both sintering temperatures in all samples with the presence of MgO and Mg 2 Si as the main impurities. Some diffraction peaks associated with unreacted SiC is also noticeable. The relative intensity of the Mg 2 Si peaks was found to decrease in samples sintered at higher temperature. Temperature dependent magnetic moment measurements showed that the superconducting transition temperature, T c decreases as the SiC addition level increases while lower sintering temperature degrades T c to a greater extent. The changes in the physical properties is discussed based on the results of phase formation, full width half maximum (FWHM), lattice parameter and crystallite size.
Introduction
Since the discovery of MgB 2 by J. Akimitsu in 2001 [1] , much research has been done owing to its higher transition temperature (T c ), larger coherence length and smaller electronic anisotropy [2] showing the potentiality of this compound for commercialization replacing the conventional Nbbased superconductors. To date, studies have been focusing on the synthesis of high purity MgB 2 by using various processing methods [3] [4] [5] as well as fabrication of wires [6] , tapes [7] and thin films [8] . Much work has also been carried out in improving the critical current density (J c ) of MgB 2 by creating defects or introducing impurities externally by doping with metals [9] , inorganic elements [10] , organic compounds [11] and rare earth elements [12, 13] . Dou et al. reported that the use of nano-SiC as dopant to enhance the J c of MgB 2 to as high as ~10 4 A/cm 2 at 6T and 5K [14] . It is widely known that SiC reacts with Mg to form Mg 2 Si, releasing carbon to dope into the MgB 2 structure, substituting boron atom in particular. Thus, it is believed that the carbon with one extra electron than boron will lead to hole filling in the σ band [15] [16] [17] [18] . Apart from these, numerous studies on carbon doped on MgB 2 have shown that J c could be enhanced owing to lattice defects formation [19, 20] . Also, it has been reported that C-doping is more favorable at higher temperature (~1000ºC) [21] . In this work, we study the effect of sintering temperature on the crystal structure and superconducting properties of MgB 2 reacted with nano-SiC powder at 650°C and 850°C, respectively. The lower sintering temperature at 650°C, which is around the melting point of Mg, is expected to create more defects to be served as effective pinning centers while higher sintering temperature enhances crystallinity by improving the phase formation of MgB 2 [22] . The details of the sample properties investigated by using x-ray powder diffraction technique and magnetic measurements are reported.
Materials and Methods
Magnesium (Tangshan, 99%), amorphous Boron (Pfaltz & Bauer, 99%) and nano-Silicone Carbide (Nano-Amor, 15nm, 99+%) were used to prepare the samples via in-situ solid state reaction method. These powders were weighed according to the stoichiometric ratio of Mg:B:SiC = 1:2:x where x = 0wt.%, 1wt.%, 3wt.%, 5wt.% relative to the weight of the MgB 2 . The individual powders were brought together for mixing and grinding before pressing into pellets of about 13.0 mm in diameter and 1.35 mm thick. The pellets were sealed inside SUS306 stainless steel tubes and loaded into a tube furnace for sintering. Argon gas was subsequently flown through the furnace during the sintering process. The pellets were sintered at 650°C and 850°C, respectively for 1 hour with the heating and cooling rates of 10°C/min. Sintered samples were then crushed and ground into powder for x-ray diffraction by using the X'Pert Pro Panalytical PW3040 MPD Diffractometer with Cu anode. The θ-2θ scanning mode was carried out in the step size of 0.02º. The crystal structure properties of the samples were analyzed by Rietveld Refinement using the PanAlytical X'pert Highscore software. T c measurements were carried out by using a commercial Quantum Design Magnetic Property Measurement System (MPMS-XL).
Results and Discussions
Each sample reacted with the respective weight percentage of SiC and temperature is denoted with an identity for the ease of discussion as shown in Table 1 . Figure 1 shows the XRD spectra for samples sintered at both high and low temperatures.
All MgB 2 peaks can be identified and indexed at the top layer of the spectra. Pure samples were prepared too for both temperatures as reference. It is found that all the samples showed MgB 2 as the primary phase with detectable amount of MgO. Oxidation of Mg is inevitable as Oxygen is one of the atmospheric gases and it was entrapped inside the tubes well before sintering. For low temperature sintered samples, it was found that there is no unreacted Mg in samples 6500-6505 indicating all the Mg have been used up to form primary and secondary phases. As the addition of SiC increases, Mg 2 Si peaks started to reveal in 6503 and its relative peak intensity became more significant in 6505. Mg 2 Si is a common secondary phase in SiC doped MgB 2 as the reaction between Mg and SiC started as low as 500°C [23] well before the reaction between Mg-B takes place. For high temperature sintering, there is no unreacted Mg detected in samples 8500-8505. However, peaks belonging to higher boride phase of MgB 4 could be found indicating Mg deficiency owing to high vaporization rate of Mg at high sintering temperature. With increasing SiC addition level, high sintering temperature led to a higher relative intensity of Mg 2 Si peak in sample 8505. Table 2 shows the phase analysis of the samples sintered at both temperatures. The relative intensity fraction of phases was calculated according to [24] . The Mg 2 Si fraction was found to increase with SiC additions. For MgO, its fraction is larger in samples sintered at 850°C. It is clear that low sintering temperature enhances the formation of Mg 2 Si as indicated by a larger fraction of this phase. Among the samples, 6501 shows the lowest fraction of both MgO and Mg 2 Si with 3.64% and 0.00%, respectively. The measured density was obtained simply by calculating the ratio of sample mass over the geometrical volume. As shown in Table 2 , both sintering temperatures do not affect the density of the samples. The density of the samples ranges from 1.39 to 1.48g/cm 3 giving the density ratio (ratio of the measured density to the theoretical density of MgB 2 [14] ) of 0.54-0.58 which is much lower than the hot pressed 5wt% SiC added MgB 2 at 850°C (1.7g/cm 3 ) [23] . Table 3 shows the crystallite size and lattice strain calculated by using the FWHM of (101) peak (highest intensity peak of MgB 2 ). The crystallite size and lattice strain were calculated by using the X'Pert Highscore software. The FWHM at (101) increases with SiC addition level implying the degradation of crystallinity. The increase of FWHM is even larger at higher temperature indicating a more severe deterioration of crystallinity in those samples. It was reported that the formation of
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Mg 2 Si and C-incorporation led to a refined grain size [23] . Besides, the (101) peaks are slightly shifted to higher angle (2θ) with increasing SiC additions showing the distortion of MgB 2 structure by impurities. It is shown in table 3 that the crystallite size decreases as the addition level increases and higher temperature gives smaller crystallite size. On the other hand, the lattice strain increases with sintering temperature and addition level probably because of more impurities are incorporated inside the lattices and thus inducing higher micro-strain. Table 4 shows the lattice parameter and the estimated carbon substitution. The a-axis shrinks while the c-axis expands slightly as the SiC addition level increases for samples sintered at both temperatures. Higher sintering temperature resulted in even smaller a-axis while the c-axis does not vary largely compared to samples sintered at low temperature. Severe shrinkage in a-axis at high sintering temperature indicates higher C substitution level in these samples. Our result is consistent with previous report that sintering temperature does not alter much the c-axis [21] . The unit cell volume shrinks from 29.0765Å 3 in 6500 to 29.0067 Å 3 in 6505. Comparing 6505 and 8505, the unit cell volume is smaller for the latter, in agreement with the higher lattice strain (table 3) as the lattice structure is heavily distorted with increasing sintering temperature. In order to get an idea about the order of lattice distortion, ∆(c/a) (change of the sample's lattice ratio to the undoped sample) was calculated [25] . From table 4, the higher ∆(c/a) value points to the severe distortion in the MgB 2 lattice for samples reacted at higher temperature. The C substitution level, x in [Mg(B 1-x C x ) 2 ], was also estimated according to [25] , i.e. x = 7.5 ∆(c/a). It shows that the doping level increases with increasing of SiC addition and sintering temperature. Advanced Materials Research Vol. 173 Figure 2 shows the T c values obtained by measuring the zero-field cool magnetic moment. It can be seen from figure 2 that samples 6500, 8500 and 8501 show the same T c of 36.8K, i.e. the highest T c among the samples. Samples sintered at high temperature generally have higher T c which differ about 1K compared to those sintered at lower temperature. This is because of the improved crystallinity and better MgB 2 phase formation [22, 26] . As the addition level of SiC increases, T c decreased systematically regardless of sintering temperature. This is in agreement with the increasing C substitution as shown in Table 4 which eventually distorted the MgB 2 structure [21] . The drop in T c is accompanied by the gradual increase in the transition width, ∆T, for samples sintered at both temperatures. It increases from 0.2K in 6500 to nearly 1.0K in 6505 while this is 0.2K and 0.6K for 8500 and 8505, respectively. The larger ∆T for samples sintered at lower temperature probably resulted from degraded crystallinity with shrinkage in a-axis owing to incompleteness of MgB 2 phase formation.
Summary
The effects of sintering temperature on the phase formation, crystallinity and T c of nano-SiC added MgB 2 were evaluated. With increasing nano-SiC additions, more secondary phases are present, especially Mg 2 Si and MgO. Rietveld Refinement analysis showed that the crystallite size decreases as the sintering temperature and the SiC addition level increase. Conversely, the lattice strain increases with the addition level and sintering temperature. Lattice parameters analysis showed that the a-axis and unit cell volume decrease with increasing addition level and sintering temperature. Accordingly, the estimated carbon substitution level increases steadily with increasing addition level and sintering temperature. The T c was found to decrease with SiC addition and a greater degradation in T c was observed for samples reacted at lower temperature. This work shows that appropriate sintering temperature is crucial for enhancing the phase formation and T c of MgB 2 .
